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Here we present a study of magnetism in Co0.05Ti0.95O2−δ anatase films grown by pulsed laser
deposition under a variety of oxygen partial pressures and deposition rates. Energy-dispersive spec-
trometry and transition electron microscopy analyses indicate that a high deposition rate leads to
a homogeneous microstructure, while very low rate or postannealing results in cobalt clustering.
Depth resolved low-energy muon spin rotation experiments show that films grown at a low oxygen
partial pressure (≈ 10−6 torr) with a uniform structure are fully magnetic, indicating intrinsic ferro-
magnetism. First principles calculations identify the beneficial role of low oxygen partial pressure in
the realization of uniform carrier-mediated ferromagnetism. This work demonstrates that Co:TiO2
is an intrinsic diluted magnetic semiconductor.
Diluted magnetic semiconductors (DMSs) have re-
ceived intensive attention because of their potential ap-
plications in spintronics devices, which are based on novel
concepts utilizing both the charge and spin of the elec-
tron. One challenging hurdle is achieving intrinsic fer-
romagnetism at room temperature. Oxide based DMSs
are the most promising candidates owing to their possi-
ble high Curie temperature [1–6], compared to the III-V
compound based DMSs, such as (Ga,Mn)As [7, 8]. How-
ever, reproducibility problems of oxide DMSs have been
reported in several cases, where ferromagnetism is only
apparent in samples prepared in a poor oxygen environ-
ment. Magnetic clusters and secondary phases have been
shown to lead to extrinsic ferromagnetism in these sys-
tems [9–11]. Therefore, understanding the origin of fer-
romagnetism in oxide DMSs is still an object of intense
debate [12, 13].
One of the most prominent systems is Co-doped TiO2,
the first reported oxide-based DMS with a Curie tem-
perature TC as high as 600 K [2]. Ferromagnetism can
be induced in paramagnetic CoxTi1−xO2−δ films with an
electric field [4], suggesting that magnetism is carrier me-
diated. However, Co clustering in this system has been
widely reported to cause room temperature ferromag-
netism (TC = 1388 K in Co) [11, 14]. Ferromagnetism
can be also caused by nucleation of highly Co-enriched
anatase nanoparticles [15] The discrepancy of these re-
sults has severely affected the development of DMS ma-
terials. Currently, there is no direct evidence of spa-
tially uniform ferromagnetism as expected from carrier
mediation or Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction. There is only evidence of localized struc-
tural uniformity by high resolution transmission electron
microscopy (HRTEM)[4]. Therefore, a detailed investi-
gation of the microscopic magnetic properties is required
to identify the ideal growth conditions to achieve struc-
tural and intrinsic magnetic uniformity.
In this work, we use low-energy muon spin rotation
spectroscopy (LE-µSR) [16] as a local magnetic probe to
examine the influence of growth conditions on the mag-
netism in Co-doped TiO2 thin films deposited by pulsed
laser deposition (PLD). We find spatially uniform and
intrinsic ferromagnetism in Co0.05Ti0.95O2−δ films de-
posited under an oxygen partial pressure PO2=10
−6 torr.
The structure uniformity of the films is confirmed by x-
ray diffraction (XRD) and HRTEM. The magnetic vol-
ume fraction and the internal field width decrease with
increasing oxygen partial pressure. This work directly
proves that an intrinsic DMS system can be synthesized
with both structural and magnetic uniformity.
The films were deposited by PLD in various oxygen
partial pressures with a laser pulse power of 1.8 J/cm2,
corresponding to a rate of 10 nm/min. The nominal
thickness of the films is approximately 50 nm. The films
are epitaxially grown in the anatase structure as con-
firmed by XRD. HRTEM imaging shows that films de-
posited under PO2=10
−5 and 10−6 torr have a homoge-
neous cluster-free microstructure (Fig.S2). Energy dis-
persive x-ray spectroscopy (EDX) mapping reveals that
Ti, O, and Co atoms are uniformly distributed in films
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FIG. 1: (a) M-H loops at room temperature of films deposited under an oxygen partial pressure of 10−6, 10−5, 5×10−5, and
10−4 torr. The inset shows the M-H loops at 5 K. (b) Co-L edge XAS spectra of the film deposited at 10−5 torr. (c) XMCD
signal of the films deposited under 10−6, 10−5, and 10−4 torr. The inset shows the XMCD hysteresis of the Co-L edge in the
sample grown at 10−5 torr.(d) Co-K edge XANES spectra
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FIG. 2: The LE-µSR spectra in Co0.05Ti0.95O2−δ samples
grown at different partial oxygen pressures. The spectra are
normalized to the initial amplitude of the asymmetry of the
reference sample (undoped TiO2). (a) Asymmetry in a trans-
verse field of B = 5 mT applied parallel to the sample surface,
measured at 5 K. The initial amplitude at the different oxy-
gen pressures is a measure of the paramagnetic fraction as
explained in the text. (b) Typical asymmetry spectra in zero
field. All solid lines are the fitted curves described in the
supporting material.
grown at 10−5 and 10−6 torr. However, a nonuniform
clustered microstructure has been observed in films de-
posited under 10−4 torr (Fig. S3 in the Supplemental
Material [17]).
Figure 1(a) shows the hysteresis loops of the films de-
posited under different oxygen partial pressures. A depo-
sition pressure of 10−5 and 10−6 torr leads to magnetic
films at 300 K that clearly show hysteresis loops, while
growth pressures of 10−4 and 5×10−5 torr lead to a negli-
gible magnetic signal. Similar hysteresis loops are seen at
5 K (inset of Fig.1(a)) with a slight increase of saturation
magnetization.
From the saturation magnetization, we estimate the Co
magnetic moment to be ∼1.03 µB in the 10
−6 torr sam-
ple and 0.93 µB in the 10
−5 torr sample. Pure TiO2 films
deposited under PO2=10
−5 torr show no ferromagnetism
at all temperatures, indicating that oxygen vacancies or
Ti3+ alone are not the origin of the ferromagnetism. A
similar strong pressure dependence is seen in the car-
rier concentration as measured by the Hall effect. The
films deposited under PO2=5×10
−5, 10−5, and 10−6 torr
have carrier concentrations of 6.4×1017, 2.1×1018, and
2.0×1019 cm−3, respectively, whereas the film deposited
under PO2=10
−4 torr is insulating.
Figure 1(b) shows x-ray absorption spectroscopy
(XAS) spectra at the Co L-edge of the film deposited
under PO2=10
−5 torr. The multiplet feature of XAS con-
firms the +2 valence state of Co. Figure 1(c) shows the
x-ray magnetic circular dichroism XMCD signal in three
films (PO2=10
−4, 10−5, and 10−6 torr) taken at 300 K.
A strong signal is observed in the 10−5 and 10−6 torr
samples, whereas no signal is observed in the film grown
at 10−4 torr. No magnetic features are observed at the
O and Ti edges, confirming that only Co substitution
is the origin of the observed magnetization in the films.
Using sum rules calculations [26], we estimate the mag-
netic moments of Co to be 0.95 and 0.81 µB, in the 10
−6
and 10−5 torr samples respectively. These estimates are
slightly lower than the values obtained from the mag-
netization measurements mentioned above, likely due to
surface effects [27]. The inset shows the hysteresis of the
XMCD signal, where the magnetization of Co saturates
at about 0.2 T, confirming the ferromagnetic phase of
the film. In order to confirm the Co ion valence state,
we performed X-ray absorption near edge spectroscopy
(XANES) measurements at the Co K-edge of the samples
and compared the spectra with reference samples.[28] In
all the samples Co show a 2+ state. Because of lower
oxygen partial pressure, Co in the PO2=10
−6 sample has
a slightly lower valence state than in 10−4 and 10−5. The
spectra shown in Fig. 1(d) confirm the absence of metal-
lic Co clusters.
HRTEM and EDX analysis can only give information
about the structure uniformity and chemical composi-
tion. On the other hand, magnetization measurements
by a SQUID give only a macroscopic, sample averaged
information of the magnetic state. To determine the local
magnetic properties and the magnetic volume fraction we
use µSR as a sensitive magnetic probe [29]. Fully polar-
ized muons are implanted in the sample. The subsequent
3precession and relaxation of their spins lead to a temporal
evolution of the polarization, which is easily detectable
via the asymmetric muon decay, and can be used to de-
termine static and dynamic magnetic properties in the
sample. To study the homogeneity of Co-TiO2 thin films
prepared by PLD, we use LE-µSR which allows a depth
dependent study on a nm scale [16]. This technique has
been successfully applied to a variety of systems such as
(Ga,Mn)As DMS [30] or oxide heterostructures [31–34].
We performed LE-µSR measurements in a weak mag-
netic transverse field (TF) (5 mT) perpendicular to the
substrate surface and the initial muon spin polarization.
Typical spectra are shown in Fig. 2(a). This measure-
ment allows to determine the magnetic volume fraction
of the sample. In a paramagnetic environment the local
field sensed by the muons is determined by the applied
field and a weakly damped muon spin precession is ob-
served. The undoped TiO2 sample grown at PO2=10
−5
torr defines the reference showing the full asymmetry of
a paramagnetic sample (Aref). If part of the sample is
magnetic muons stopping in that environment quickly de-
polarize since field and field width are much larger than
the applied field and do not contribute to the preces-
sion component characteristic of the paramagnetic en-
vironment, whose amplitude A is therefore proportional
to the paramagnetic fraction of the sample. Its depen-
dence on PO2 is therefore a direct measure of the evo-
lution of the magnetic volume fraction under different
preparation conditions (see the Supplemental Material
for details of the data analysis). The reference spectrum
is weakly damped, while all Co-doped samples are either
more damped or have an initial amplitude lower than the
full amplitude of the reference sample. The dependence
of the paramagnetic volume fraction (Fpm =
A
Aref
×100%)
on the partial pressure PO2 is shown in Fig. 3. The para-
magnetic volume fraction increases with oxygen partial
pressure, where paramagnetism and ferromagnetism co-
exist in the same sample. The film becomes paramag-
netic for pressures ' 5×10−5 torr. The sample grown in
10−6 torr is almost fully magnetic with a paramagnetic
fraction less than 5% (within the LE-µSR experimental
error), due mostly to the muons landing in the film-free
edges of the substrate. Figure 3(a) shows the temper-
ature dependence of the original TF-µSR spectra with-
out any normalization, indicating that there is almost no
change for the spectra at 5, 100 and 200 K, confirming
that the ferromagnetic ordering is not due to the cluster-
ing of dopants.
The film deposited under 10−4 torr has a ∼ 13% fer-
romagnetic phase fraction at 5 K. As shown in Fig. 1(a),
the film shows a slightly higher saturation magnetization
at 5 K than that of the film deposited at PO2=5×10
−5
torr. This residual ferromagnetic phase may be due to
the formation of isolated magnetic polarons in an insulat-
ing state [35], which is supported by first principles den-
sity functional theory (DFT) calculations, as discussed
later.
The LE-µSR measurements in zero field (ZF) are sen-
sitive to the local magnetization, since the muon spin
relaxation rate ∆ is proportional to the width of the lo-
cal field distribution. Typical asymmetry spectra taken
at 5 K with 4 keV muons are shown in Fig. 2(b). At
this energy the muon implantation profile with a mean
stopping depth of 21.2 nm and a rms of 7.1 nm covers
the central part of the film with thickness 50 nm (see
Fig. S8 in the Supplemental Material). The samples
grown at low pressures (PO2=10
−5 and 10−6 torr) do not
show any spontaneous precession, as we would expect in
the case of long range ferromagnetic order with well de-
fined wave vector, but a rapid damping of the muon spin
polarization, characteristic of the muons experiencing a
very broad distribution of static fields, due to the ran-
dom position of the muons with respect to the magnetic
moments. The signal in the undoped reference sample
is slowly relaxing typical of a nonmagnetic sample. The
signal in the film grown at 10−4 torr sample shows a fast
relaxation at early times with a small amplitude reflect-
ing a ≈ 10% fraction of clustered ferromagnetic phases
and a dominant slowly relaxing component as expected in
a paramagnetic state, while the sample grown at 5×10−5
shows a signal of intermediate relaxation between the
weakly and strongly magnetic samples.
The width of the internal magnetic field ∆ is shown in
Fig. 3. It is weakly dependent on temperature but de-
creases strongly with increasing oxygen partial pressure.
It is high at low pressure and approaches the limit of the
paramagnetic reference sample in samples grown at pres-
sures above 5×10−5 torr. From the ZF- and TF LE-µSR
measurements, we conclude that the film deposited under
10−6 torr shows spatially homogeneous ferromagnetism
encompassing the full volume fraction and suggesting a
uniform distribution of Co dopants. This ordering is me-
diated by itinerant carriers, since similar films deposited
under a high oxygen partial pressure show weak or no
ferromagnetism. Varying the implantation energy LE-
µSR allows us also to follow the magnetic properties
as a function of depth on a nanometer scale [36]. We
find the results only weakly dependent on the implan-
tation depth, further confirming the homogeneous char-
acter of the ferromagnetism. No evidence of ferromag-
netism is observed at the interface of undoped TiO2 and
the LaAlO3 substrate, which was suggested to be one of
the origins [37, 38].
The LE-µSR and structure results rule out Co clus-
tering as an extrinsic origin of ferromagnetism. We find
that the rate of deposition influences the nature of the
magnetic phase. Using HRTEM and EDX mapping we
have observed Co clustering in films deposited under
PO2=10
−6 torr with a low deposition rate (1 nm/min),
or postannealed in vacuum under different oxygen partial
pressures (Supplemental Material). This suggests that
the relatively fast and nonequilibrium deposition at low
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FIG. 3: (a) TF LE-µSR spectra of Co-TiO2 deposited under
PO2=10
−6 torr at 5, 100 and 200 K. (b) The width of the in-
ternal magnetic field (∆) (left y-axis) and the paramagnetic
fraction (Fpm) (right y axis) versus the partial oxygen pres-
sure during growth. ∆ is found using the ZF spectra (Fig.
2-(b)). Fpm is extracted from the amplitude of the oscillat-
ing part of the asymmetry in TF (Fig. 2-(a)). The red open
square and blue open circle respectively represent the inter-
nal field width and the paramagnetic fraction in the clustered
film. Open black diamonds refer to the full paramagnetic vol-
ume fraction of the nondoped reference samples. The solid
lines are guides to the eye.
PO2 may be impeding the diffusion of oxygen vacancies
leading to a uniform distribution of Co dopants [39]. In
the clustered 10−6 film, the XMCD measurement shows
a Co moment of ∼ 0.90 µB, slightly lower than 1.03 µB
measured in cluster-free sample. A larger difference is
measured by the local muon probe. The LE-µSR mea-
surements show a smaller magnetic fraction of ∼75% in
the clustered film and a field width ∆ that is about half
of that in the strongly magnetic samples (see open sym-
bols in Fig. 3). The relatively high magnetic volume
fraction indicates that the ferromagnetism in this sample
is not entirely due to Co clustering. With a Co concen-
tration of only 5 %, and taking into account the contribu-
tion of stray fields to the muon signal, we would expect
a much smaller magnetic volume fraction than the ob-
served. Therefore, substitutional Co mainly contributes
to the large fraction of ferromagnetic phase. This re-
sult also confirms the intrinsic nature of relevant ferro-
magnetic ordering in Co doped TiO2, no matter whether
there are dopant clusters or not.
To understand the underlying mechanism of the
dopant distribution and the origin of the observed fer-
romagnetism in Co doped TiO2, we have performed ex-
tensive DFT calculations within the generalized gradient
approximation [40], using the Vienna Ab initio Simula-
tion Package (VASP) code [41], with an on-site Coulomb
repulsion of U=6.8 eV for Ti 3d orbitals and U=6.5 eV
for Co 3d orbitals [42]. First, we calculated the formation
energy of various defects and their complexes in differ-
ent charged states [43, 44] as a function of Fermi energy
(from p-type to n-type growth conditions), as shown in
Fig. 4(a). The interstitial Co ion, Coint
2+, has high for-
mation energy in the full range of Fermi energies; thus
it is unlikely to play a significant role in mediating the
magnetism. A low oxygen pressure favors the formation
of oxygen vacancies (VO) and Ti interstitial (Tiint). Iso-
lated VO is only stable in the +2 state and Tiint only in
the +4 state, both acting as efficient charge donors, re-
sulting in a n-type conductivity. Both VO
2+ and Tiint
4+
ions are nonmagnetic, indicating that the magnetic mo-
ment is mainly from Co dopants and their complexes,
which is in agreement with Ref. [45–47] and our XMCD
results. Isolated substitutional CoTi is stable in the (0)
and (-2) (i.e. Co2+ replacing Ti4+)charged states.
Interestingly, isolated Co0Ti and Co
2−
Ti induce sim-
ilar moments, 0.93 µB and 0.99 µB, respectively, com-
pared well with our experimental results. A CoTi dopant
and a nearby VO may form a CoTi+VO complex [8],
with a (2+/0) transition level at 1.8 eV . (CoTi+VO)
2+
and (CoTi+VO)
0 ) possess spin moment 1.89 and 0.95
µB, respectively. In the the n-type limit (low O partial
pressure), such a complex is energetically rather unfa-
vorable, i.e. CoTi
2− and VO
2+ prefer to be separated.
The interaction of the neutral and charged Co dopants
and complexes is shown in Fig. 4(b). It is found that
neutral CoTi dopants prefer to form embedded clusters
as the energy increases monotonically with ion separa-
tion. This is in line with previous DFT calculations [9].
Importantly, the nearest pair-CoTi couple ferromagnet-
ically (more stable in energy by 123 meV over the an-
tiferromagnetic coupling), each possessing a moment of
0.93 µB. Three- or four-CoTi closely-packed clustering
structures also couple ferromagnetically, each CoTi with
a moment of approximately 0.7 µB. For both neutral and
charged CoTi+VO complex, the cluster configuration is
energetically favored. However, such clustering behavior
is significantly suppressed when the separation of com-
plexes is larger than 4 A˚. A further separation actually
lowers the relative total energy, meaning that the driv-
ing force behind clustering is short ranged. Most strik-
ingly, charged CoTi
2− ions prefer to be separated due to
the strong Coulomb force, as the nearest configuration is
energetically the least favorable one. Thus, two factors
are identified to effectively eliminate the clustering of Co
dopants; one is the presence of O vacancy and the other is
the n-type carrier growth condition. Note that these two
are intrinsically coupled as the O vacancy itself, as well
as the Ti interstitial, is a donor. Thus, the DFT results
highlight the critical role of low oxygen partial pressure
in the fabrication of uniform DMS, as observed in exper-
iments. When the film is deposited under a low oxygen
partial pressure (10−5 and 10−6 torr), the substitutional
CoTi is uniformly distributed and long range ferromag-
netic ordering is formed via the mediation of charge car-
riers. This situation is described in Fig. S8(c) in the Sup-
plemental Material. When the oxygen partial pressure is
relatively high during film deposition, such as 10−4 torr,
according to the first principles calculations, clustered
substitutional CoTi
0 is formed since it has low formation
energy, resulting in separated magnetic polarons (note
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FIG. 4: (a) Calculated formation energy of the different de-
fects in neutral and charged states in the Co-doped TiO2 sys-
tem. (b) Relative energy of neutral and charged CoT i pairs
and of CoT i + VO complexes as a function of separation dis-
tance showing that charge carriers play an important role in
the establishment of a uniform dopant distribution.
that this is not metallic Co clustering), which show para-
magnetism at room temperature and ferromagnetism at
low temperature. When the oxygen partial pressure is be-
tween 10−4 and 10−5 torr (5×10−5 torr), substitutional
CoTi
2− is uniformly distributed. However, in this case
the carrier concentration is too low to effectively mediate
the magnetic moment to form ferromagnetic ordering.
Hence, the film is paramagnetic or shows very weak fer-
romagnetic response. This is why the film does not have
ferromagnetic phase, whereas the 10−4 sample has a 13%
ferromagnetic phase.
In summary, using depth-resolved LE-µSR, we find
that film grown at 10−6 torr deposited with relatively
high deposition rate is fully magnetic. The ferromag-
netism is intrinsic and controlled by the oxygen vacancies.
Even in the purposely prepared clustered samples, intrin-
sic ferromagnetic ordering mainly contributes to a large
fraction of ferromagnetic phase. This work demonstrates
that Co-doped TiO2 prepared under well-controlled pa-
rameters, such as the deposition rate and oxygen partial
pressure, has a uniform structure and intrinsic homoge-
neous ferromagnetism enforcing its position as a promis-
ing DMS candidate for spintronics devices.
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